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Abstract
As building materials become stronger, dynamic design and structural control are effective
means of improving serviceability in the future's ever lighter structures. The recently proposed
modified friction device (MFD) addresses many of the concerns that have prevented the building
industry from fully embracing non-passive control: the device is based on the drum brake, a
reliable technology that is inexpensive, already mass manufactured, capable of producing very
large damping forces, and has such low power inputs that it can be run from a battery in the
event of a power outage. Preliminary studies have shown that an MFD-based control scheme is
at least as effective as an existing system that uses dampers capable of the same maximum force.
The goal of this thesis was to better understand the MFD's energy dissipation behavior. Previous
investigations have studied the behavior of friction devices subject to the types of low frequency
excitations but not under loads with low frequencies and small displacements. This research
sought to provide insight into the behavior of the MFD under real-world conditions by building
and testing the variable friction element used in the MFD. To that end, a testing apparatus for a
variable friction element was built from an automotive drum brake; the design, building process,
and testing are described in detail. While data indicate that an adjustment may need to be made
to previous friction models used for the MFD, the physical limitations of the device created for
the study prevent this research from reaching conclusive results regarding friction behavior of
the MFD.
However, experienced gained allows for conclusions about the design of the MFD. Effectively
converting linear motion into rotation in the drum is crucial to the MFD's operation: without this,
the brake cannot dissipate energy. The design used for this study used friction between the drum
and the face of a column to rotate the brake; this friction was not sufficient to prevent slippage.
Instead of relying on friction, future MFD designs should utilize a gear or other more
mechanically robust system to generate rotation in the drum.
Thesis Supervisor: Jerome J. Connor
Title: Professor of Civil and Environmental Engineering
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1. Introduction
Over the last century, improvements in the strength of structural materials have enabled builders
to construct buildings that are taller, thinner, and lighter than ever before. Modem materials are
many times stronger than their antecedents; however, increases in stiffness have not kept pace.
Furthermore, architects have used the increased strength of modern materials to design buildings
that are much more open than the original skyscrapers. However, this openness comes at the
expense of rigidity, leaving designers seeking ways to minimize movement at the tops of
buildings without compromising the rest of their designs. Thus, designers are shifting their focus
from purely strength design to a motion based approach: even if a building is not structurally
damaged on windy days, the design has still failed if the tower moves enough to induce motion
sickness in occupants.
Theories about dynamic design and structural control have begun to creep into the design of very
tall buildings, with excellent results. In the last few decades, architects and engineers have
begun to consider passive means of control as a solution to serviceability problems. Passive
control uses unpowered devices such as viscous dampers, tuned liquid dampers, and tuned mass
dampers to remove kinetic energy from systems, thereby decreasing movement; one of the most
celebrated recent examples is the 700-ton pendulum-type tuned mass damper in the top of Taipei
101, the world's second-tallest tower (Eddy, 2005). The success of these simple control devices
has begun to open people's eyes to the power of dynamic design.
Despite the growing popularity of passive control, no American building has yet implemented an
active control system. Active control uses devices with external power sources to push back
against unwanted loads, enabling a structure to directly resist movements and changes in force.
The ability to apply whatever force is needed to prevent unwanted movements means that active
systems are capable of much better performance than purely passive systems. However, the
added complexity of this type of system brings with it a whole new set of issues. The most
difficult obstacles are not technical problems; instead, designers typically resist the
implementation of systems that they perceive to be costly, unproven, and mechanically
unreliable. In general, the risk-adverse building industry prefers to innovate incrementally,
whereas moving beyond passive control requires a leap of technological faith.
The Modified Friction Device (MFD) is a proposed solution to the building industry's concerns
about active and semi-active control. The MFD is based on the drum brakes used in cars and
trains. Placed between two floors in a swaying tower, the device uses friction to dissipate kinetic
energy, thereby reducing overall motion. As a semi-active device, the MFD requires less power
and is simpler to design than a fully active system yet is more effective than a purely passive
device. In fact, models of an existing structure in downtown Boston show that it would take only
a third as many MFDs as there are currently installed viscous dampers to provide the same
motion-reduction benefit (Laflamme et al. 2011). Many proposed semi-active control schemes
have the ability to drastically improve building performance; what sets the MFD apart is that it
addresses designers' real-world concerns. By utilizing existing vehicular technology, the MFD
is able to provide variable damping in a form that is much more mechanically reliable and lower
cost than other semi-active technologies. If builders are wary of being the first to take a chance
on unproven systems, the MFD provides a way to reap the benefits of structural control while
only using mature, reliable technologies.
Before the MFD can be used, its benefits must be proved. Numerical models are useful in
comparing the MFD to other devices, but, as no such device actually exists, they are based on
assumptions regarding the friction in the device. The goal of this research was to accurately and
directly measure the device's performance by building and physically testing a MFD. A MFD
prototype was created from a small drum brake originally used in a Honda Civic. The device
was then attached to a load cell and subjected to low-frequency excitations. While the tests were
not successful in fully engaging the device's braking forces for use in damping, experience
gained during the building and testing process shed light on design modifications required to
allow future MFD prototypes to reach the device's damping potential.
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2. Control Devices
Structural control and motion-based design seek to use dynamic analysis of structures to come up
with better solutions to the problems of strength and serviceability. Specifically, motion-based
design aims at first designing a structure based on motion performance criteria, then verifying
strength criteria. This is more of a dynamic approach, where the control of stiffness, damping,
and mass will be a central part of the design process. Structural control can be achieved
passively, actively, or semi-actively. Many different devices for use in structural control systems
have been proposed in the decades since Nordell first introduced blast-resistant tendons in 1969
(Nordell, 1969). Devices used in structural control fall into three main categories: active,
passive, and semi-active. The primary characteristics, advantages, and disadvantages of each
type of system are discussed in the following sections.
2.1 Passive Control Systems
Passive control is any motion-reducing mechanism that does not require external power for its
operation. Lateral braces, base-isolated systems, and stiffening trusses, can be considered the
most basic form of passive control. In contrast to these traditional structural elements, passive
control devices seek to absorb and/or dissipate the structure's kinetic energy via motions or
deflections caused only by the building's displacement. Passive control primarily takes the form
of damping elements. Examples of passive devices include metallic yield dampers, friction
dampers, viscoelastic dampers, viscous fluid dampers, tuned mass dampers, and tuned liquid
dampers (Housner, et al., 1997).
Passive control's benefits come from its simplicity. As they have no power source, these devices
cannot add energy to the system and are thus inherently stable. Mechanically speaking, these
devices tend to be very robust; there are only minimal moving parts that can fail or otherwise
require maintenance. As there are no real-time control schemes or sensors to manage, the design
is relatively simple. Passive systems are like most structural components: once in place, they
need occasional monitoring and maintenance but otherwise do not require a lot of attention. It is
due to this simplicity that passive systems are by far the most widely implemented type of
control system. Numerous towers all over the world incorporate one type of passive damping
device or another (Housner, et al., 1997).
However, the simple nature of passive control also limits its effectiveness. Passive control
devices are typically designed based on expected loads. It results that their performance is
inherently excitation-dependent. In particular, passive devices are tuned to help minimize the
building's response at certain frequencies. If either the loading or the building's vibration modes
occur at frequencies other than the tuned frequency, a passive system may not have the required
serviceability benefits. Moreover, if a design error was made, the building's dynamics were
incorrectly modeled, or for some other reason a damping system is not performing as predicted,
the only option is to go in and physically adjust or replace a component.
2.2 Active Control Systems
An active control system is one which uses an external power supply to apply forces on a
structure, generally through the use of actuators. These systems often use sensor networks to
gather information about the system as a whole. With this data, the system can use control
algorithms to attempt to determine the optimal force combinations to limit movement or reduce
member stresses. Active control devices include actuated mass drivers and active braces/tendons
(Housner, et al., 1997).
The benefit of an active control system is its capacity to reduce any type of unwanted motion.
Increasing the magnitude of the control force allows for increasing levels of parameter control;
theoretically, an active system with a near-infinite control force and perfect response time could
keep a structure from moving at all. In addition, the variety of available controller algorithms
gives the designer freedom to balance the minimization any number of movement or force
parameters (Housner, et al., 1997).
However, the disadvantages of active control are numerous and significant. First and foremost,
as an active scheme adds energy to the building system, it is possible for active control to
amplify negative effects instead of reducing them, potentially destabilizing the structure. In
addition, active control devices rely heavily upon external power sources due to their high
consumption of energy. If the power source fails during a storm or earthquake, as is likely to
occur especially in the latter case, the device will not be operational. Finally, the complexity of
an active control system makes design, installation, and maintenance more difficult. For these
reasons, real-world applications of active control are limited. About 50 installed instances of
active control existed when the world was surveyed in 2003; none were located within the
United States (Laflamme et al. 2011).
2.3 Semi-Active Control
Semi-active control systems are a compromise between fully active and passive systems. Like
active systems, they have an operating range capacity based on power input, but, like passive
systems, they can only dissipate energy. They typically operate on a very low power source (0-
12 volts) so as to be able to be run on car batteries. Also, semi-active systems are inherently
stable; removing the risk of destabilizing the structure means simpler-to-design control schemes
and less of a need for sizeable sensor networks (Laflamme et al. 2011). Examples of semi-
active systems include controllable fluid (either magnetorheological or electrorheological fluids)
dampers, variable-orifice dampers, and variable friction dampers. The advantages and
disadvantages of each of these types of devices are discussed in the following sections.
2.3.1 Variable-Orfice Damper
Plunger-style viscous dampers are passive elements consisting of a piston in a cylinder filled
with a substantially viscous fluid. Holes in the piston head allow fluid to move from one side of
the piston to the other; viscous resistance to this movement absorbs energy. Similarly, variable
orifice dampers are based on the concept of a piston moving in a cylinder full of viscous fluid.
However, instead of moving through holes in the piston head, fluid transfers from one side to the
other via a pipe that connects the far ends of the cylinder. This pipe has a valve (see Figure 1
and Figure 2). When the valve is closed, the incompressibility of the fluid locks the cylinder in
place, causing the variable-orifice damper to act as a stiffness element. When the valve is open,
the piston can move; head loss in the fluid as it moves through the cylinder and pipe provides
damping force.
While the variable-orifice valve theoretically gives the variable-orifice damper the ability to
change damping levels in real time as part of a semi-active control system, in practice the device
is used more for its ability to become a rigid element at the turn of a valve. This property allows
the variable-orifice damper to serve as a sort of switch to turn stiffness elements "on" and "off."
For example, using a variable-orifice damper to connect diagonal bracing to a structure allows
for the quick removal of that brace's stiffness from the structure. As long as the valve is closed,
the brace is rigidly attached to the rest of the frame. However, as soon as the valve is opened,
the bracing can move laterally relative to the structure and is no longer effective (Laflamme,
2011).
Variable-Orifice Valve
Figure 1: Schematic of variable-orifice damper (Housner, et al., 1997).
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Figure 2: Diagram of actual variable-orifice damper (Symans & Constantinou, 1999).
2.3.2 Variable Stiffness
As described above, variable-orifice dampers can be used to effectively turn stiffness elements
on and off by changing the rigidity of their connection to the frame. In addition to this digital
type of stiffness control, attempts have been made to develop devices capable of providing a
wide range of stiffness. Three types of these devices are discussed below.
One type of variable stiffness device, like fluid dampers, uses a piston in a cylinder to provide
axial forces. However, instead of placing liquid in the cylinder, the chamber is filled with an
inert gas such as nitrogen. By changing the pressure of this gas, a controller can adjust the
piston's resistance to displacement. Thus, by making adjustments for the constantly changing
effective unstretched length, such a device behaves as an element with variable stiffness (Maane,
2010).
Another device, called a semi-active variable stiffness system (SAIVS), is shown in Figure 3
below. The SAWS is designed to provide adjustable axial stiffness between joints 3 and 4.
These joints are on a rail fixed to the structure that allows them to move only in the x direction.
The actuator connected to joint 1 can change the angle between the rail connecting joints 3 and 4
and the springs that connect joints 3 and 4 to joint 1. Changing this angle changes the effective
resistance to lateral motion in joints 3 and 4. The resulting horizontal force can be described as
f, = (k, cos2 6)Ay (Laflamme, 2011).
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Figure 3: SAIVS (Narasimhan & Nagarajaiah, 2005).
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A third category of variable stiffness devices seeks to alter effective stiffness by changing the
rate at which a stiffness element "sees" displacement. By either increasing or decreasing the
displacement felt by the stiffness element relative to the actual displacement of the points to
which that element is connected, such a device can control the resulting force just as effectively
as a device capable of changing stiffness (Laflamme, 2011). One example is the variable
amplification device (VAD). The VAD uses a series of gears in an arrangement similar to that in
an automobile transmission to connect one end of a stiffness element to a floor (Walsh,
Abdullah, & Moore, 2008). By changing the gear ratio, the VAD can either amplify or diminish
the amount to floor displacement that is transmitted to the stiffness element. Adding gears of
various sizes allows for a wide range of amplification factors and thus enables precise effective
stiffness control.
2.3.3 Controllable Fluid Dampers
Like the variable-orifice damper, controllable fluid dampers are based on passive viscous
dampers. In this case, the piston moves in a cylinder filled with rheological fluid that quickly
changes from a normally viscous fluid to a semisolid state whenever certain stimulus is applied.
For electrorheological (ER) fluids, the viscosity changes when the material is subjected to an
electric field; magnetorheological (MR) fluids stiffen in the presence of a magnetic field. In
either case, the viscosity of the fluid in the cylinder and thus the damping force from the piston
can be adjusted by adding or changing the strength of the appropriate field. The controllable
damper also has the advantage of a built-in damping failsafe: if power is lost and the device
cannot generate a magnetic or electric field, the fluid within the cylinder causes the device to
perform as a passive viscous damper. This mechanism assures that, even given if the semi-active
part of the controllable fluid damper fails, some measure of damping is always added to the
structure. A schematic diagram of an MR damper is shown in Figure 4 below; note that, without
the wires or electromagnetic choke, the device would be identical to a passive viscous damper.
Wires to
Electromagnet
1K R FsW Magnetic Acemtmai
Figure 4: Schematic diagram of MR damper (Spencer Jr. et al. 1996).
In general, MR dampers are considered to be better suited to civil applications than ER dampers.
This is partially due to MR dampers' lower power requirements: generating the appropriate
magnetic field takes less energy than applying the required amount of current directly
(Laflamme, 2011). While the two types of rheological fluids do behave in similar fashions,
investigations into details of the fluids' properties have shown MR fluids to be much more
robust. The yield stress of MR fluid in its activated semisolid state has been shown to be much
higher than for semisolid ER fluids. In addition, MR fluids are inherently more stable than ER
fluids: whereas the fluid base of an ER device must deliver current to the suspended ER
particles, the only purpose of the fluid in an MR fluid is to physically support the micro-scale
magnetic particles. Therefore, since the carrier fluid in an MR damper does not require special
electrochemical properties, it is more resistant to impurities and is also able to withstand
additives intended to reduce wear, improve seal life, and extend the working temperature range
(Housner et al., 1997).
When a magnetic field is applied to an MR fluid, the tiny magnetically polarized particles
suspended in the fluid all align within milliseconds of field application. The resulting fluid and
organized particle matrix is very strong even under moderate magnetic fields. For example, MR
devices capable of generating 200 kN of damping force while being powered by batteries have
been developed (see Figure 5), 500 kN devices have been built, and 1000 kN MR dampers have
been theoretically designed. These devices have been implemented in highly dynamic civil
structures such as long stay cables and offshore platforms (Laflamme, 2011). However, MR
dampers are less suited to civil applications that may include long periods of inactivity: if MR
fluid sits for too long without being mixed (by piston movement) or magnetically activated, it is
. . ............. . ...... .. ............. -  .... . _ _ .. .. . - ....... . ...
possible that the suspended magnetic particles may begin to settle out of solution. Thus, if a
damper designed to activate only during significant interstory displacements sits for too long
before a quake occurs, the device may not be fully functional when the seismic excitation whose
response it was meant to control actually hits the building.
Figure 5: 200 kN MR damper (Laflamme, 2011)
2.3.4 Variable Friction Dampers
Attempts have also been made to develop friction devices of the scale required for civil
applications. The concept is simple: by varying the normal force applied to two high-friction
bearing surfaces, such a device can change the friction force exerted by the damper and the
amount of energy absorbed. Hydraulic actuators were a natural choice for applying the high
levels of normal force required for civil applications. However, the response time of hydraulic
actuators proved to be too slow, shifting research towards alternate means of generating force
(Laflamme et al. 2011).
Two other types of variable friction devices have been developed. The first is the
electromagnetic friction damper (see Figure 6). Friction is created to resist the relative
movement of two steel plates separated by a friction pad. Normal force is generated by coils of
wire placed on the outer side of each plate; by changing the voltage in each circuit, one can
control the strength of each electromagnet and thus the attractive force between them (Laflamme
et al. 2011).
.. ........ ...........  ........  ............    ..........  
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Figure 6: Electromagnetic friction damper (Yang & Agrawal, 2002).
The other type of variable friction device is the piezoelectric friction damper (see Figure 7). This
system uses a piezoelectric stack actuator in line with a friction bearing plane. Increasing the
current running through the piezoelectric stack increases the normal force directly. This system,
original developed to add damping to small space trusses, has been extended to devices with
larger bearing areas.
friction interface piezoelectric
stack disc
voltage
Figure 7: Piezoelectric friction damper (Nitsche & Gaul, 2005).
The direct electronic control of these two types of friction devices allows exact adjustments in
friction forces with minimal delay. However, the forces generated by these types of devices are
too low for use in many types of large-scale civil applications. A recent survey of variable
friction devices performed by Laflamme (2011) found that the most effective piezoelectric or
electromagnetic friction dampers were only capable of producing 3 kN for a voltage range of 0 to
120 volts. In addition to the relatively low damping force, such a device requires too high of a
voltage for it to be run off of widely available battery systems. Requiring a device to be plugged
into a wall socket in order to be effective makes it vulnerable to power outages, a significant
disadvantage for a device that is most needed during earthquakes and wind storms. Thus, while
friction is an effective means of adding damping to a structure, major improvements to the means
of developing friction forces must be made before friction dampers are suited for use in civil
structures.
3. MFD Background
The modified friction device (MFD) is a recently proposed type of semi-active control device. In
particular, it is a variable-friction device based on an extremely mature friction technology: the
drum brake. The drum brake has an advantage over other types of friction producing devices
because its self-energizing tendencies help to amplify the normal force provided by the internal
actuator. This feature allows for very high damping forces with minimal energy input: for
example, drum brakes found in cars are able to produce friction forces in the range of 100 kN
while being powered by a car battery producing only 12 volts. Thus, when compared to other
variable friction devices, the MFD can deliver much higher damping forces with much smaller
energy inputs. In addition, the MFD's use of the drum brake, a reliable and inexpensive piece of
equipment, can help to allay the building industry's concerns about the safety and affordability
of semi-active control.
3.1 MFD Dynamics
As proposed by Laflamme et al. (2011), the MFD involves three components connected in
parallel: a viscous damper, a stiffness element, and a drum-brake-based variable friction element.
A schematic of such a device is shown in Figure 8. The spring and damper are included as a fail-
safe mechanism: in the event that the brake element experiences total mechanical failure, the
spring and damper allow the MFD to still exert forces in response to displacements. In addition,
this arrangement was chosen to mimic the Bouc-Wen model used by Spencer Jr. et al. (1996) to
model an MR damper (see Figure 9). This similarity facilitates comparisons between the
behavior of the MFD and the MR damper, a well-established and understood type of semi-active
control device.
viscous dampcr
stiness elemen=T
Figure 8: MFD schematic (Laflamme et al. 2011).
of Bouc-Wen
ko
Figure 9: Schematic of MR damper model (Spencer Jr. et al. 1996).
The variable friction element is the key to the MFD; this research focuses on the performance of
this brake component. The drum brake, as its decades of use in the automobile and railroad
industries attest, is a very efficient means of creating large friction forces. A schematic of the
internal workings of a duo-servo drum brake is shown in Figure 10. The outer drum rotates as
the wheel (or whatever else the brake is attached to) turns. Inside the drum, two brake shoes are
connected to a fixed pin (this connection is not shown in Figure 10). These shoes are connected
to each other on their far ends by a link that can either be fixed like the pin or left floating. In
order to create friction, an actuator placed between the shoes pushes the shoes outwards against
the drum wall. This provides the normal force that in turn generates friction between the
............... . .......... 
outsides of the shoes and the inside of the rotating drum. Thus, by varying the voltage applied to
the actuator, a controller can quickly adjust the friction force created by the MFD.
Figure 10: Schematic of drum brake (Laflamme et al. 2011).
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Figure 11: Free body diagram of drum brake parts (Laflamme et al. 2011).
The real benefit of the drum brake comes from its ability to amplify the normal force from the
actuator by means of its self-energizing nature (Laflamme et al. 2011). The friction between the
shoes and drum exerts a moment on the shoes; the reaction of the fixed pin against this moment
creates an additional normal force, thus effectively amplifying the force from the actuator. The
effects of this amplification factor were described by Mahmoud (2005):
drum.
FTOT = CW
p(a+b) (a+r 1+p2 1-+b p
a 1+pz- Pr r)\ 1- y)] 1-M
where FTOT is the total frictional force generated by the brake, W is the force applied by the
actuator, [t is the coefficient of kinetic friction between the shoes and the inside of the drum, r is
the radius of each shoe, a is the distance from the link to the radial center of the shoes, and b is
the distance from the actuator to the radial center of the shoes; these dimensions are shown in
Figure 11. Also shown in Figure 11 are the support forces R, the normal forces between shoes
and drum N, and F, the friction forces between shoes and drum. Mahmoud (2005) also showed
that the normal force amplification effect is stronger in drum brakes that utilize floating links
because floating links allow for self-energizing behavior in both spinning directions.
3.2 Previous Friction Research
While many decades of use in vehicles make the drum brake a very established technology, the
behavior of a drum brake subjected to the types of excitations experienced in civil applications is
less well understood. In a vehicle, a brake is generally subjected to brief but intense excitations;
when a driver presses the brake pedal, lots of energy is dissipated quickly and the car slows
down rapidly. Then, with the vehicle stopped, the brake is released. Barring some sort of
unevenness in the wheels, this type of excitation is not harmonic in nature despite the large
number of wheel rotations.
In contrast, building movements are smooth and gradual. A structure will sway in response to
wind or an earthquake, but interstory displacements are measured in millimeters, not meters.
This motion is generally a summation of one or two harmonic oscillations with low frequencies.
In addition, instead of being required to exert a large amount of force briefly before resting, a
damper can be called on to exert forces continually during long periods of excitation (i.e. a
windy afternoon). Given the significant differences between vehicular and structural excitations,
it cannot be assumed that a drum brake used as a damper will absorb energy in the same way as
one installed in a car.
Maane (2010) provides a basis for modeling the behavior of friction devices subjected to low
frequency, low displacement excitations. Experimental data was obtained from Taylor Devices
Inc. for a viscous damper tested in such a way that only friction resisted the device's motion.
Then, a set of parameters was developed so that a LuGre friction model would replicate the
experimental results. The close correlation between the resulting model and experimental results
is shown in Figure 12. By scaling the model's parameters to fit friction dampers with different
maximum force outputs, Maane was able to extrapolate the hysteretic behavior of MFDs of
various sizes subjected to varying levels of input voltage.
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Figure 12: Experimental and MFD model results for a 13 kip device (Maane, 2010).
3.3 Comparison to Passive Control
Initial numerical studies show that the a semi-active control scheme based on the MFD can be at
least as effective as passive damping schemes at reducing lateral motions in a tall building.
Laflamme et al. (2011) studied the performance of the MFD using the case study of an existing
building located in Boston, MA, that is currently equipped with a viscous damping system. The
study compared the theoretical accelerations resulting from wind acceleration if the viscous
dampers were replaced with MFDs capable of delivering forces equal to or less than the viscous
dampers' capacity. Figure 13 and Figure 14 show the maximum accelerations of each floor
under a roughly harmonic wind load given different damping cases. The uncontrolled series
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shows accelerations for the original building before the viscous damping retrofit, the passive
viscous results show the response for the building after viscous dampers were added, the semi-
active control uses MFDs and an LQR controller, and the passive-on case uses MFDs with
constantly engaged friction elements.
Figure 13 shows the results if each viscous damper is replaced with a MFD. The plot shows that
the MFD system performed significantly better than the viscous dampers under wind loads: the
top floor accelerations in the semi-active case are one third less than the passive-viscous case.
Laflamme et al. (2011) found that they could reproduce the results of the viscous damping
system by placing MFDs every three floors in contrast to placing a damper on every floor; Figure
14 shows that the semi-active case very nearly matches the passive-viscous case despite the fact
that the model includes three times as many viscous dampers as MFDs. Laflamme et al.
conclude that the device is very capable of mitigating response from lateral loads, thus making it
an excellent candidate for implementation of semi-active control systems.
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Figure 13: Floor-by-floor accelerations with each viscous damper replaced by an MFD
(Laflamme et al.2011).
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Floor-by-floor accelerations if one-third of viscous dampers are replaced with MFDs
(Laflamme et al.2011).
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4. MFD Design Implementation
While Maane (2010) was able to explore the behavior of a friction device subjected to low
frequency loading, the variable friction device used in the MFD has characteristics that were not
accounted for in these tests. For example, the device Maane tested could not vary the intensity
of its friction force. In addition, the device used in Maane's tests did not include the self-
energizing mechanism that is so crucial to the drum brake's efficiency. In the end, the only way
to verify the MFD model presented by Maane is to experimentally determine the behavior of a
drum-brake-type variable friction device under a realistic loading scenario; the primary goal of
this research was to build a MFD and test its energy dissipation behavior. As was the case with
Maane's friction research, the focus of this study is on the behavior of the variable friction
element and not the device as a whole; stiffness and viscous damping elements are already well
understood.
4.1 Conceptual Design of Experimental Device
The drum brakes found in automobiles are designed to resist the spinning of the wheels; the
primary difficulty in adapting such a device to use for structural control lies in converting the
linear motion generated by interstory drifts into angular motion. The design of the MFD must
include a robust mechanism for making this transformation. The following section describes the
load path for the experimental device used in this study.
A conceptual 3D model of the variable friction device used in this research is shown in Figure
15. In order to obtain useful energy dissipation data, the test rig musts connect the drum brake to
a machine capable of applying a specified displacement pattern and then measuring the resulting
forces. The testing machine is connected to the friction device via a base plate and a top plate; in
Figure 15, the testing machine's line of force is indicated by the thin cylinders protruding from
each plate. The brake is connected by a stiff column to the top plate. Both the center of the top
column and the center of the brake are aligned with the testing machine's line of force. The base
column is fixed rigidly to the base plate; the lower column, base plate, and connection between
them must be stiff enough to withstand the moment created by the eccentricity between the
machine's line of force and the centroid of the lower column.
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Figure 15: Rendering of conceptual model of MFD.
The linear motion of the two plates becomes rotational motion in the brake when the drum rolls
up and down the base column. The outside of a drum brake is perfectly suited for use as a wheel.
As long as the drum does not slip relative to the base column, motion of the lower column
relative to the top plate will spin the drum. As described in section 3.1, an actuator within the
drum brake creates friction to resist this spinning; it is this friction which dissipates energy.
However, if the drum slips relative to the column, the drum brake will not spin and the device
will not function as a variable friction damper.
This iteration of MFD design uses friction between the column and drum to prevent slippage.
Friction was chosen instead of a gear system because of the immediate response during direction
changes. Even the most carefully machined gears leave tiny gaps between interlocking teeth;
when the relative motion of the two plates changes direction, the drum will not begin spinning
until the gap between teeth has been closed. There is no such delay in a friction-based system, a
significant advantage for a device intended to be activated by low-magnitude interstory
displacements. In addition, a gear system would likely require custom-machined steel pieces,
whereas the friction approach can be built entirely from mass-manufactured components.
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However, the magnitude of the friction force created between the column and drum must be at
least as large as the intended maximum damping force. Otherwise, when the device is heavily
loaded, the drum will slip along the column instead of rolling and the MFD will be unable to
dissipate energy. Creating a large friction force requires both a high static coefficient of friction
and a large normal force. Strategies to increase the coefficient of friction are discussed in the
next section; the normal force is maintained by springs placed on either side of the brake. These
springs run between a bar connected to the fixed (i.e. non-rotating) part of the brake and a wheel
on the back side of the column. By using very stiff springs, the constant distance between the
bar and the wheel will create a consistently high normal force between the drum and the column.
The wheel will roll up and down along with drum, ensuring that the force exerted by the springs
is always directly perpendicular to the base column.
4.2 Physical Design of MFD Friction Element
The MFD test apparatus was built according to the concepts described in section 4.1 above. One
of the MFD's main practical advantages is its ability to be constructed from existing mass-
manufactured parts. In keeping with this spirit, an effort was made to keep the design as simple
as possible. Premade parts and commonly available member types and sizes were used
whenever possible. The following sections provide details for each component of the variable
friction device.
4.2.1 Base Plate and Column
The base plate was machined from a 5/8 inch thick aluminum plate (alloy 6061) measuring 8.5
inches by 12 inches. As described in section 4.1, the base plate is subjected to moments created
by the eccentricity between column and the axis of the testing machine; in order to stiffen the
base plate, small steel angles were bolted along the plate's long sides (see Figure 16 and Figure
17). The holes for the bolts in these connections and for the connection to the column were
precisely located using a CNC milling machine according to the plan shown in Figure 16. Each
hole was tapped so that connecting bolts could thread directly into the plate, thus removing the
need for nuts that would interfere with the plate's ability to sit flat on the testing machine. The
plate was connected to the testing machine's force-generating piston via a 2 inch diameter
threaded rod; this connection was enabled by a large hole made with a water jet cutter.
Providing clearance for the large square nut needed by this rod required pushing the axis of the
testing machine slightly out of line with the centroid of the upper column. This additional
eccentricity is shown in Figure 16 and Figure 18.
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Figure 16: Base plate plans (a) and photograph showing base plate in its final state as viewed
from the bottom (b). In (a), A denotes the base column, B marks the connector angles, C is the
machine's line of force, the circle surrounding C is the clear area required by the large square
nut, D is the centroid of the upper column, and E indicates a steel stiffening angle.
The base column must be capable of withstanding significant axial loads and moments with
negligible deflection. Thus, a very heavy section was chosen to ensure maximum stiffness. The
base column itself is an 18 inch long piece of 2 inch by 2 inch steel bar. Four holes were drilled
through the base of the column to enable attachment to the connection angles.
(b)
(a) (b)
Figure 17: Base plate and column connection. (a) shows the entirety of the assembled piece and
(b) shows a detail of the connector angles.
The connection between the base plate and the base column is made using short lengths of
aluminum (alloy 6061) angles. After using a milling machine to precisely locate and drill bolt
holes matching those in the base plate and column, the angles were carefully bolted to the plate
and column in precise sequence. The exact nature of the hole locations and tight fits of the bolts
helped to create a rigid connection. The finished connection is shown in Figure 17.
4.2.2 Top Plate
Like the base plate, the top plate is also made of 5/8 inch thick aluminum (alloy 6061). The
means of connection to the machine, however, is very different. Instead of a single large
threaded rod, the upper plate bolts to a circular plate that is fixed to the machine's crossbar. The
plans for the top plate and the resulting piece are shown in Figure 18. The smaller holes shown
in these images were tapped as before but the larger holes were drilled cleanly to allow for the
bolts connecting to the machine to pass through. Again, a CNC milling machine was used to
ensure accuracy of hole placement. The centroid of upper column falls within the area of the
upper plate that is directly supported by the testing machine's round plate. Thus, the upper plate
does not require the same type of moment-resisting steel stiffeners used in the base plate.
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Figure 18: Top plate plans (a) and photograph of finished piece (b). In (a), A is the center of the
machine's line of force, B is the top column (the centroid of which is marked with an x), and C
shows the two supporting angles discussed in section 4.2.5.
4.2.3 Brake and Upper Column
The brake is the key part of the MFD's variable friction element. For this test, a drum brake
originally used in a late-1990's Honda Civic was obtained. First, the outer edge of the cast iron
drum was machined so as to provide an even surface for rolling on the base column. Secondly,
the brake mechanism, already in reasonably good shape, was disassembled, cleaned, and
reassembled. Finally, excess metal on the back of the brake originally used to connect the brake
to the car from which it was taken was removed in order to make room for the tension rods
described in section 4.2.4. The internal brake parts and the drum that covers them are shown in
Figure 19.
Figure 19: Drum brake used to create variable friction element. The drum with smoothed outer
edge is sitting to the left of the exposed braking mechanisms. With the drum removed, the
actuator (A) and shoes (B) are visible.
In order to provide the type of nearly instantaneous response time required for accurate semi-
active structural control, a MFD should utilize an electric actuator capable of changing force
magnitudes very quickly. However, the initial goal of this research is more limited in scope:
instead of demonstrating the MFD's behavior while acting in a realistic control scheme, this
experiment sought to test a hypothesis regarding friction behavior. Thus, two alternate means of
generating braking force were attempted (see Figure 20). First, two plates were used to hold the
emergency brake cable in tension. However, it quickly became apparent that this method could
not evenly enforce sufficient tension for enough time to run a test. Instead, the hydraulic
actuator already within the brake was put to use. A screw-type hand pump was adapted for use
in pressurizing oil running through a brake line and into the actuator. This setup allowed for fine
increases in braking force, although it did not include a way to measure the normal force
between the shoes and brake drum.
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Figure 20: Means for applying braking force. On the left is the emergency brake retrofit; the
image on the right shows the device used to hand-apply pressure to the hydraulic actuator.
The casing that supports the brake's inner workings is made of steel. As a result, a steel channel
was chosen for the upper column so that the two pieces could be welded together. The channel's
shape was well suited to this particular connection: as seen in Figure 21a, the channel fit so that
welding was performed on the web as well as both flanges. Before welding, the centroid of the
column was carefully aligned with the brake's center of rotation so as to minimize the moment
produced by eccentricity. Once the brake was welded to the column, the combined piece was
connected to the top plate via the same aluminum angle system used to connect the lower column
and base plate (see Figure 21b).
(a) (b)
Figure 21: Welded connection between top column and brake (a) and bolted connection between
top column and top plate (b).
4.2.4 Normal Force Mechanism
Friction between the column and the outside of the drum is what causes the drum to spin;
creating enough normal force to produce sufficient friction is crucial to the device's success.
The key component in this effort to create normal force is a series of four threaded rods capable
of carrying a combined tension force of 10 kips. If higher normal forces are ever needed, the
design includes space for doubling the number of rods. All four rods are visible in Figure 22a.
(a) (b)
Figure 22: Normal force generation. (a) shows the complete normal force mechanism while (b)
shows the wheel (A) and pillow bearings (B) on the back side of the column (C).
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The threaded rods exert forces on the far side of the brake and the back of the column. This
force is transferred to the brake by means of a built up section welded to the rim of the brake
frame; Figure 23 shows the welded connection. The built up section, consisting of a plate
welded across the open part of a channel, is used to provide extra moment capacity in what is
essentially a three point bending configuration. A small steel angle was used at the connection
between the rim and the channel to increase the weldable contact area. Belleville washers
(visible in Figure 22a) are placed between the far side of the plate and the flat washers at the end
of the threaded rods; compression in these conical springs keeps the threaded rods constantly in
tension.
Figure 23: Connection between built up section and brake rim, including channel, plate with
holes, and support angle. Note that the channel does not interfere with the drum's rotation.
The other end of each threaded rod must exert force against the far side of the column. While the
column can move up and down, the force from the rods must always be applied directly opposite
the point where the drum comes in contact with the columns. In order to achieve the smooth
transfer of forces, a wheel connects the threaded rods to the column. The wheel and its
connection to the threaded rods are shown in Figure 22b. Each pair of threaded rods passes
through a support angle (described in detail in the next section) and then a sleeve-type pillow
bearing. A hardened and polished steel shaft runs between the two bearings. Forces are
transferred from the shaft to the column by a large wheel machined from a solid aluminum
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cylinder. When the column moves relative to the brake assembly, the aluminum wheel maintains
its position relative to the brake by rolling along with the drum.
4.2.5 Wheel Support Angles
If the aluminum wheel slips at all while rolling up the back of the column, the high level of
tension in the threaded rods will exert a force that is no longer through the point of contact
between drum and column. In order to prevent the instability that might occur in this scenario,
angles (clearly visible in Figure 22a, Figure 22b, Figure 24a, and Figure 24b) were added to fix
the distance between the top plate and the pillow bearings. In addition to preventing slippage,
these angles provide lateral stability so that the bearings do not slip off the end of the steel axle.
(a) (b)
Figure 24: Support rods before (a) and after (b) the addition of a stiffening plate.
The aluminum (alloy 6061) angles are connected to the top plate using the same type of
connection as used for the columns. Visible in Figure 24b just below the connections are cuts
made to those angle legs which are perpendicular to the stiffening plate; the bottom three inches
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of these legs were removed so that the angle's bending stiffness would not absorb part of the
forces exerted by the threaded rods. Initially, the angles were independent; each was connected
only to the top plate and one pillow bearing. However, when the threaded rods were tensioned,
the bearings had a tendency to drift towards the column. The severity of this drift can be seen in
Figure 24a: the left bearing has moved so far that it is contacting the column, creating unwanted
friction. Connecting the two angels with a wide plate (see Figure 24b) added significant stiffness
in the plane of the unwanted drift, eliminating the problem of bearing-column interference.
4.2.6 Drum-Column Friction Surface
In addition to a strong normal force, the other ingredient for creating sufficient friction between
the column and the drum is a high coefficient of friction. Several different approaches were used
in an attempt to improve on the low friction coefficient between the flat steel column and smooth
cast iron drum; many of these are shown in Figure 25. First, a rubbery high-friction mat was
fixed with epoxy to both the column and the drum. Next, the mat was removed from the column
and the experiment was repeated. Thirdly, the mat was removed completely and the bearing
surfaces were roughened with a grinding wheel. With sufficient friction still not generated, a
thick piece of rubber was squeezed in between these roughened surfaces. Finally, thin pieces of
solid rubber were fixed with epoxy to both the column and the drum. A discussion of the
rationale behind and behavior of the different types of friction surfaces is included in chapter 5.
(a) (b) (c) (d)
Figure 25: Different friction surfaces: rubbery mat fixed with epoxy to edge of drum (a),
roughened drum (b), roughened column (c), and two rubber layers with epoxy (d).
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5. Friction Tests and Results
The apparatus described in chapter 4 was attached to a universal testing machine and subjected
to a series of friction tests based on harmonic oscillations with low magnitudes and frequencies.
The tests were repeated with several different friction surfaces. The sections below describe the
results from each test, including conclusions drawn about the suitability of the different bearing
surfaces. Finally, recommendations are made regarding the design of the Modified Friction
Device.
5.1 Testing Setup
The variable friction element was assembled and attached to a computer-controlled MTS testing
machine equipped with an Acqlipse data acquisition system. During the installation of the
friction element, careful attention was paid to the tensioning of the threaded rods. Efforts were
made to balance the forces in each side in order to keep the aluminum wheel in even contact with
the back of the column and to keep uneven forces in the built-up section welded to the rim of the
brake from torquing the brake. For each test, the threaded rods were tensioned as much as
possible: in most cases, tensioning continued until it became apparent that further tightening
would crush the brake rim and interfere with the drum's rotation. After ensuring that no
components were inadvertently interfering with the movement of the drum or the relative motion
of the top plate and the column, testing began. Figure 26 shows the friction element installed in
the MTS machine with the threaded rods fully tensioned.
For each test, a displacement pattern was imposed and the force versus displacement graph was
recorded and displayed in real time by the Acqlipse system. A sinusoidal displacement pattern
with amplitude of 20 mm and a frequency of 0.5 Hz was used for these experiments. This
particular harmonic pattern was chosen for its rough similarity to the 12.7 mm amplitude, 0.667
Hz frequency oscillation experiment described in Maane (2010). The low frequency of 0.5 Hz
was used for these initial tests in order to check the testing machine's suitability for further tests;
once it was determined that the machine could handle high-force oscillations at 0.5 Hz, the
frequency would have been increased to match Maane's tests. Each test started with several
oscillations with the brake totally disengaged. Then, the pump in Figure 20 was used to slowly
increase the braking force. The braking force was increased until the friction between the
column and drum was overcome and the drum began to slide up and down the column without
rolling. At this point, the friction element was no longer functioning correctly and the test was
stopped.
Figure 26: MFD friction element ready for a test. The load cell is visible at the top, as is the
connection to the piston at the bottom.
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5.2 Results from Different Drum-Column Friction Services
Each of the different bearing surface conditions described in section 4.2.6 was tested in turn.
Results from each test regarding friction behavior and bearing surface suitability are included in
the sections below.
5.2.1 High-Friction Mat Results
The hysteretic behavior of the brake can be seen in Figure 27 below. The figure contains data
from approximately two and a half oscillations for two different braking conditions and a
simulated case. The "baseline friction" case has no braking force and represents the energy
absorbed by friction and other factors always present in the system. The "peak friction" case is
the highest force generated by the brake before the bearing surface failed and the drum ceased to
roll along the column. The "LuGre model" series scales the model from Maane (2010).
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Figure 27: Hysteretic behavior of MFD variable friction element with high-friction mat bonded
with epoxy to bearing surfaces.
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The experimentally determined hysteresis shapes shown in Figure 27 roughly matches the shape
found using the friction model presented by Maane (2010). Both sets of experimental results
show that friction force rises slightly throughout the majority of the stroke. However, there are
differences in the forces when the direction of displacement changes. In Maane's LuGre model,
there is a slight decrease in force towards the end of each stroke. While the experimental data
resolution cannot match Maane's data, every oscillation (even those which, for clarity's sake,
were not included in the figure) shows a pattern that deviates slightly from the LuGre model:
when the motion changes direction, the friction force is initially below the level of the linear
section. This section matches the LuGre model. However, unlike the predicted behavior, the
stroke finishes with an additional force increase. This shape reappeared in every test in which
the brake was even slightly engaged.
While these experimental results do not exactly match the LuGre model, other factors must be
addressed before deciding on the value of the model for describing friction behavior in an MFD.
Foremost among these factors is the magnitude of force generated by the test. The drum brake
was chosen because of its ability to generate large friction forces from small actuator forces. In
this test, a friction force equal to only double that of the zero actuator force case was achieved.
In other words, the brake was barely activated before the friction capacity of the high-friction
mat bearing surface was exceeded. The energy absorbing behavior of the drum brake under low
frequency oscillations cannot be fully understood unless the hysteresis includes forces nearer to
the friction element's capacity.
Failure in the high-friction mat limited the maximum force observed in this first test. The failed
mat is shown in Figure 28. The mat-mat contact has a very high coefficient of friction. As Blau
(2009) notes, the effective friction between surfaces with high friction coefficients is often
determined by the shear strength of the weaker material. Clearly, the shear strength of the
epoxy-mat combination is insufficient to withstand the level of force needed to approach the
brake's maximum capacity. Unsurprisingly, then, repeating the test with the mat removed from
the column did not increase the magnitude of force generated (see Figure 28c). The following
sections describe alternative bearing surface conditions used in an attempt to increase the
effective friction between the drum and the column.
(a) (b) (c)
Figure 28: Shear failure of rubbery high-friction mat. (a) and (b) are from a test with the mat on
both the column and drum; (c) is from a test with the mat only on the drum.
5.2.2 Roughened Bearing Surfaces
The rubbery mat failed because of insufficient shear strength, not a too-low friction coefficient;
the next round of tests increased the shear strength by entirely removing the mat and epoxy from
both surfaces. In order to increase the coefficient of friction between the cast iron drum and steel
column, both surfaces were roughened with a handheld grinder. However, this step failed to
sufficiently increase the coefficient of friction, as the hysteresis data showed a lower maximum
force than can be seen in Figure 27.
5.2.3 Rubber Interlayer
The coefficient of friction between rubber and steel has been shown to be greater than or equal to
one (Blau, 2009). While the shear strength of rubber may not be high enough to develop the full
strength of the brake, it is clearly a stronger material than the thin rubbery high-friction mat.
Thus, two rounds of tests were performed with rubber in between the drum and column.
First, a seven millimeter thick piece was sandwiched between the roughened parts of the drum
and column. No adhesive was used; friction held the rubber in place. However, this attempt to
increase the friction force was not successful as the rubber began to slide against the column as
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soon as the brake began to engage. The hysteresis for these tests also had a maximum force less
than what is shown in Figure 27.
For the second set of tests, epoxy was used with thinner (-3 mm) strips of rubber. One strip was
glued to the drum and another was fixed to the column. However, when the test began, it was
clear that the thinner rubber was too flexible for the epoxy. With each oscillation, the rubber
strips deformed and a little bit more rubber detached from the rigid epoxy. This cycle continued
until the strips completely detached from the epoxy and began sliding almost freely. Failure
occurred before the brake could be engaged.
5.3 Recommendations for Future MFD Designs
As explained in section 5.2.1, conclusions about the MFD's energy absorbing behavior cannot be
made until a drum brake is tested under low frequencies and displacement magnitudes at a level
of force that approaches the brake's capacity. This cannot be done until a mechanism for
transferring high forces between the drum and column is developed. The experience gained in
the course of this research has led to conclusions regarding future attempts to model the friction
behavior of the MFD.
If, as was done in this research, friction between drum and column is to be used, two changes
must occur. First, a bearing surface (whether surface treatment or interlayer) with sufficiently
high friction coefficient and shear strength must be used. Second, the way in which normal force
is applied to this connection must be changed. The connection between the rim of the brake and
the built up section that held the ends of the threaded rods was too weak to generate very high
tension in the rods. As the force in the rods increased, the built up section rotated and began to
distort the rim of the brake. The resulting deformation, shown in Figure 29, threatened to
interfere with the brake's rotation; the de facto force limit this created was not high enough to
compress the Belleville washers. In a car, the axle around which the drum rotates transfers
forces to the wheels. In order to increase the normal force to the levels required by a 200 kN
damper, tension rods should be connected to this axle instead of the brake's thin steel frame.
Figure 29: Deformation in connection between brake and built up section. Initially, the built up
section was parallel to the edge of the drum; this photograph, taken after the tests were
concluded, shows the angle resulting from deformation in the connection. When the threaded
rods were in place and tensioned, the gap between channel and drum was further diminished.
While it may be possible to build a device that is capable of using friction to rotate the drum,
alternate approaches should be explored. Friction may prove feasible for lower-capacity MFDs,
but it is the author's opinion that future MFD research should focus on designs that use gears for
the connection between drum and column. A schematic for a gear-based MFD is shown in
Figure 30. In addition to enabling the transfer of larger forces between drum and column
without slipping, the inclusion of a gear system allows for displacement magnification. As
vehicular drum brakes are designed to exert forces over significant displacements, being able to
increase the magnitude of displacements experienced by the MFD may improve the performance
of the friction element. Given these significant benefits and the experience provided by this
research, gear-based MFDs seem to be the logical design progression.
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Figure 30: Proposed gear-based MFD. This system uses the same wheel and tension rod system
used in the friction-based design to keep gear in contact with gear rack, except that the rods now
connect to the drum brake's axle. The gear shown here would be fixed to the drum brake. To
magnify displacement experienced by break, another gear could be added between the column
and main gear.
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6. Conclusion
As building materials become stronger and buildings become taller, dynamic design and
structural control are an effective solution for improving serviceability in the future's ever lighter
structures. Semi-active systems, because of their inherently stable nature, seem likely to increase
in popularity; existing implementations of MR dampers confirm the effectiveness of variable
damping control schemes. The recently proposed MFD addresses many of the concerns that the
building industry has with non-passive control schemes: the device is based on the drum brake, a
reliable technology that is inexpensive, already mass manufactured, capable of producing very
large damping forces, and has such low power inputs that it can be run from a battery in the
event of a power outage. Preliminary research (Laflamme et al. 2011) has shown that a MFD-
based control scheme is at least as effective as a purely passive system that uses dampers with
the same maximum force magnitudes.
Before the MFD can be further developed, a better understanding of its energy dissipation
behavior must be developed. Investigations (Maane, 2010) have been done into the behavior of
friction devices subject to the types of low frequency excitations that structural dampers are
subjected to; however, these tests do not include the effects of the drum brake's self-energizing
nature. This research sought to provide insight into the behavior of the MFD under real-world
conditions by building and testing the variable friction element used in the MFD. To that end, a
variable friction element was built from an automotive drum brake. While preliminary results
indicate that a slight adjustment may need to be made to the friction model provided by Maane
(2010), the physical limitations of the device created for the study prevent this research from
reaching conclusive results regarding friction behavior of the MFD.
However, experienced gained allows for conclusions about the design of the MFD. Effectively
converting linear motion into rotation in the drum is crucial to the MFD's operation: without this,
the brake cannot dissipate energy. The design used for this study had the brake's drum roll along
the face of a column with friction keeping the drum from slipping. Unfortunately, the device
was unable to create sufficient friction between drum and column. Instead of relying on friction,
future MFD designs should utilize a gear or other more mechanically robust system to generate
rotation in the drum.
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